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ABSTRACT A cDNA sequence coding for a human
granulocyte-macrophage colony-stimulating factor has been
isolated from cDNA libraries prepared from mRNA derived
from concanavalin A-activated human T-cell clones. The
libraries constructed in the pcD vector system were screened by
transfecting COS-7 monkey cells with DNA pools to express the
products encoded by full-length cDNA inserts. By assaying the
cell supernatants, we identified clones encoding a factor that
stimulates the formation of granulocyte and macrophage
colonies from human progenitor cells. These results demon-
strate that identification of full-length cDNAs for many colony-
stimulating factors may be achieved entirely on the basis of
detecting the functional polypeptide produced in mammalian
cells.

T lymphocytes regulate the growth and differentiation of
certain lymphopoietic and hematopoietic cells through the
action of soluble secreted protein factors known as
lymphokines (1). After activation by either antigen or lectin
(2, 3), helper T lymphocytes are capable of producing a
variety of lymphokines, including colony-stimulating factors
(CSFs). CSFs are a family of glycoproteins involved in the
control of proliferation or differentiation of hematopoietic
cells (4, 5). CSFs are made not only by mitogen-activated T
cells but also by a variety of other cell types, including
fibroblasts, macrophages, and endothelial cells (6).

CSFs can be recognized in vitro by their ability to stimulate
the formation of colonies of differentiated cells in semisolid
cultures of bone marrow stem cells. Several such factors
from murine sources have been characterized, each capable
of stimulating the development of different types of colonies.
c¢DNA clones encoding two such factors have recently been
isolated (7-9). One of these factors, interleukin 3 (IL-3) or
multi-CSF, has the capacity to stimulate a wide range of
colony types (10). The other, granulocyte-macrophage CSF
(GM-CSF), appears to be more limited in its action and
generates only granulocyte and macrophage colonies (7).
Similar factors from several human sources have been
described and partially purified, but in general these have
been less well characterized. Despite the report that biologi-
cally active human GM-CSF could be produced by transla-
tion of mRNA in Xenopus laevis oocytes (11), further
definition of the various human CSF activities remains
hampered by the limited availability of polypeptides in
biochemically pure form.

Using a pcD cDNA library, we have recently developed a
screening procedure employing transfection of plasmid
DNAs into mammalian cells, followed by assaying the
transfected cell supernatants for biological activities of inter-
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est (12). We have adopted this approach to screen a pcD
cDNA library prepared with mRNA from a concanavalin A
(Con A)-activated human T-cell line for cDNA clones that
can express CSF activity in COS-7 monkey cells. In this
manner we have identified one class of human cDNA clones
encoding a granulocyte-macrophage colony stimulating ac-
tivity. Nucleotide sequence analysis of these clones reveals
substantial homology with mouse clones for GM-CSF (7).

MATERIALS AND METHODS

Cell Lines and Isolation of mRNA. The human T-cell lines
T7 (obtained from G. Nabel; Dana-Farber Cancer Institute,
Boston, MA) and 5C10 and human peripheral blood lympho-
cytes (supplied by H. Pohlit and J. Banchereau; Unicet
Laboratories, Lyon, France) were stimulated with Con A at
2 ug/ml, 5 pug/ml, and 7 pg/ml, respectively. All cells were
harvested 4 hr after addition of Con A. Total cellular RNA
was extracted from the cells by using the guanidium thiocyan-
ate method (13), and poly(A)* RNA was selected by
oligo(dT) cellulose chromatography.

Construction of cDNA Libraries. A pcD cDNA library was
established with mRNA from T7 cells according to the
procedure of Okayama and Berg (14). Using the same
vectors, similar cDNA libraries were constructed with 5C10
and peripheral blood lymphocyte mRNA with one modifica-
tion. The pcDV1 plasmid used in these cases contains an Nsi
I restriction site at the previous location of the Kpn I site (14).
Each of the cDNA libraries contained a minimum of 10°
independent clones.

Screening of cDNA Libraries by Transfection. Approxi-
mately 10* independent bacterial colonies were picked ran-
domly from the T7 cDNA library and propagated individually
in wells of microtiter dishes. Pooled cultures representing 48
clones were grown and plasmid DNA was isolated for the
initial phase of screening. COS-7 monkey cells were
transfected with plasmid DNA, using DEAE-dextran as
described previously (8). After a 4-hr incubation at 37°C, the
cells were washed and Dulbecco-modified Eagle’s medium
(DME) containing 150 uM chloroquine was added as de-
scribed previously (12). The chloroquine treatment increases
the efficiency of the transfection. After 3 hr this was replaced
with DME containing 4% fetal calf serum. Seventy-two hours
later the medium was collected and assayed in a colony
formation assay.

Screening of cDNA Libraries by Hybridization. We isolated
functional mouse GM-CSF ¢cDNA clones from pcD libraries
constructed with mRNA from Con A-activated helper T cells
(to be described elsewhere). A Pst I/Aha III fragment,
isolated from the mouse GM-CSF cDNA, was labeled by nick

Abbreviations: Con A, concanavalin A; CSF, colony-stimulating
factor; GM-CSF, granulocyte-macrophage CSF; IFN-y, vy inter-
feron; IL-2, interleukin 2; IL-3, interleukin 3.
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translation (1 x 108 cpm/ug) and used to probe nitrocellulose
filters containing random colonies from 5C10 and peripheral
blood cDNA libraries. Low stringency hybridization condi-
tions were used: 6xX SSPE buffer (1Xx SSPE = 180 mM
NaCl/10 mM sodium phosphate, pH 7.4/1 mM EDTA) (15),
50% (vol/vol) formamide, 0.1% sodium dodecyl sulfate,
carrier tRNA at 100 ug/ml, overnight at room temperature.
The filters were washed with 1.5 mM sodium citrate, pH
7.0/15 mM NaCl/0.1% sodium dodecyl sulfate at 42°C.

In Vitro Colony-Forming Assays. Colony-forming assays
were performed with either human bone marrow cells ob-
tained from patients with nonhematologic disease or with
human cord blood cells (16, 17). Approximately 10° nonad-
herent cells from bone marrow or cord blood were added to
35-mm Petri dishes in a total volume of 1 ml of modified
Iscove’s medium (10) supplemented with 0.9% methylcel-
lulose containing the test sample at a concentration not
greater than 30% of the total volume. Cultures were incu-
bated for 3 days, then 1 unit of human erythropoietin was
added. Colonies were counted after 10-14 days. The cellular
composition of colonies was determined after applying indi-
vidual colonies to glass slides and staining with Wright-
Giemsa stain.

DNA Sequence Analysis. Nucleotide sequences were de-
termined by using the phage M13 dideoxy chain termination
method (18) or a modified procedure of Maxam and Gilbert
(19, 20).

RESULTS

Evaluation of CSF Activities Produced by T-Cell Clones.
Initial experiments showed that the human helper T-cell
clones T7 and 5C10 produce and secrete interleukin 2 (IL-2)
and yinterferon (IFN-y) activities after stimulation by Con A.
Using pcD ¢cDNA libraries prepared with mRNA isolated
from Con A-stimulated T7 or SC10 cells, we isolated full-
length human IL-2 and IFN-y cDNA clones (unpublished
results). The frequency of IL-2 and IFN-y cDNA clones was
estimated to be approximately 0.1-0.5% of the total clones in
the T7 library. Individual clones were identified that pro-
duced functional IL-2 or IFN-y when transfected into COS-7
monkey cells. Furthermore, using semisolid cultures of
human bone marrow or cord blood cells, we have also
confirmed that supernatants from SC10 cells stimulate the
proliferation of neutrophils, macrophages, eosinophils, and
erythroid elements. We therefore reasoned that cDNA librar-
ies for either of these T-cell clones could be screened by
transfection to identify cDNA clone(s) encoding factors
capable of stimulating colony formation by progenitor cells in
human bone marrow or cord blood.

Screening the cDNA Library for CSFs by Transfection in
Monkey Cells. To identify the CSF cDNA clones, bacterial
clones from the pcD T7 cDNA library were pooled into
groups of 48 clones. Plasmid DNA from each pool of clones
was transfected into COS-7 cells, using DEAE-dextran. After
72 hr, the supernatants from the transfected cells were
assayed for CSF activity, using semisolid cultures of bone
marrow or cord blood cells. Approximately 2000 bacterial
clones were screened in this manner. Four pools (groups 1,
3,7, and 14) were found to stimulate the formation of colonies
(Table 1).

Each of these groups of clones was divided into subpools,
each containing eight of the original clones. From each of the
original positive pools, one subpool of eight clones was
positive in the transfection assay with the exception of group
7A, which yielded two positive subpools. Each of the plasmid
clones contained in groups 3-8, 7-1, 7-4, and 14-1 was then
transfected individually into COS-7 cells. One clone from
each group of eight was active in producing CSF activity.
Thus, it appears that each of these cDNA inserts contains
sufficient information to direct the synthesis of a functional
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Table 1. Assay of colony-stimulating activity in plasmid DNA
pool transfection supernatants

Screening Cells screened Results
First 40 pools of 48 clones 4 positive pools (1A, 3B,
(1-20, A and B) 7A, and 14A)
Second Subpools of 8 clones 5 positive pools (1-5, 3-8,
7-1, 7-4, and 14-1)
Third “ndividual clones Active clones (3-8a, 7-1a,

7-4d, and 14-1e)

In the first screening, plasmid DNAs for 40 pools of 48 random
cDNA clones were transfected into COS-7 cells, and the cell
supernatants were assayed for colony-stimulating activity. Positive
signals were detected with four pools, identified as those cultures
containing more than 20 clusters (20-50 cells) per 10° cells added to
the culture. In the second screening, subpools each containing eight
cDNA clones were tested in a similar fashion. Positive signals ranged
from 50 clusters to 100 small colonies (50-150 cells) per 10° cells. The
third screening with individual clones produced results ranging from
60 to 200 colonies (greater than 150 cells) per 10° cells.

CSF polypeptide. Restriction endonuclease analysis showed
that all of these clones share essentially the same structure
(see Fig. 2B).

Identification of Human CSF cDNA Clones by Hybridization
with Mouse GM-CSF cDNA Probe. pcD-cDNA libraries
prepared from the 5C10 cell line and from Con A-stimulated
peripheral blood lymphocytes were screened separately for
possible homology with a mouse GM-CSF cDNA clone
isolated from a mouse helper T-cell cDNA library and
essentially identical to a clone isolated from a mouse lung cell
cDNA library (ref. 7; unpublished results). A 32P-labeled
c¢DNA probe derived from the mouse GM-CSF cDNA insert
was used to screen filters containing random colonies from
5C10 or peripheral blood lymphocyte-derived cDNA librar-
ies. After the filters had been washed under low-stringency
conditions (42°C), clones hybridizing with the mouse GM-
CSF cDNA probe were identified (Fig. 1). They represent
approximately 0.5% and 0.05% of 5C10 and peripheral blood
lymphocyte libraries, respectively. When plasmid DNA for
one of the longest hybridizing clones from each cDNA library
was transfected into COS-7 cells, the cell supernatant con-
tained CSF activity (Table 2). Analysis with restriction
endonucleases showed that each of the hybridizing clones is
identical in structure to the active T7-derived cDNA clones
identified by transfection. These results suggest that human
T cells express a unique class of CSF that shares homology
with mouse GM-CSF. We designate these clones as human
GM-CSF cDNA clones.

Nucleotide Sequence of the Human GM-CSF ¢DNA. Fig. 2
shows the structure of pcD-hGM-CSF and the restriction

F1G.1. Screening of human cDNA libraries with a probe from the
mouse GM-CSF cDNA. Nitrocellulose filters containing approxi-
mately 5000 random clones were probed with a nick-translated Pst
I/Aha 111 fragment under low-stringency hybridization conditions.
These are examples of clones from the 5C10 cDNA library (Left) and
the peripheral blood library (Right).
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Table 2. Colony formation by transfected COS-7 cell supernatants A
Colonies per 10° cells HindTIL  SVAQori
Human bone Human Mouse bone

Clone  Source marrow cord blood marrow
Mock — <5 <5 <5
El-11 El ND 0 230
3-8a T7 ND 123 ND
7-1a T7 56 186 0
7-4d T7 ND 168 0
14-1e T7 65 85 0
17-1 5C10 ND 84 ND
204 PB 41 120 0
CM 5C10 29 99 ND ori

Cells were transfected and supernatants were collected after 72 hr,
then assayed in duplicate 1-ml cultures containing 10° human bone
marrow, human cord blood, or murine bone marrow cells. The B
numbers of colonies containing more than 150 cells were determined
after 14 days for human cultures and after 7 days for murine cultures
and are reported as the mean value for the duplicate cultures. G-C Apal A-T

Controls were supernatant from mock-transfected COS-7 cells,
supernatant from cells transfected with full-length murine GM-CSF
cDNA clone El-11 (unpublished), or supernatant from Con A-
stimulated human T-cell clone 5C10. ND, not done; PB, peripheral

I NcoI A
blood; CM, conditioned medium. Pstl Boll col Ahalll
endonuclease cleavage map of one of the longest cDNA —
inserts that produces biologically active GM-CSF (clone 100bp

3-8a). The DNA sequence of the cDNA insert of clone 3-8a
was determined and is shown in Fig. 3. The cDNA insert
contains a single open reading frame, with the first ATG
located 33 nucleotides from the 5’ end followed by 144 codons
before the termination triplet TGA at nucleotide positions
465-467. The deduced amino acid sequence for this human
cDNA clone is highly homologous with that for mouse
GM-CSF (Fig. 4; ref. 7; unpublished results).

Biological Activity of Human GM-CSF Expressed in Monkey
Cells. During the initial screening of the pooled cDNA clones,
the colonies stimulated by the transfected COS-7 cell super-
natants were not analyzed in detail. When individual func-
tional clones were identified from both the T7 and 5C10
cDNA libraries, supernatants of COS-7 cells transfected with
these clones were assayed in cultures of human bone marrow
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Fi1G. 2. (A) General diagram of pcD-hGM-CSF, the plasmid
carrying the functional GM-CSF cDNA insert. The cDNA insert
extends from the G-C tail to the AT tail and contains the indicated
restriction endonuclease cleavage sites; the coding region is heavily
shaded, and the noncoding regions are lightly shaded. The direction
of transcription from the simian virus 40 (SV40) promoter is indicated
by the arrow. The structure of the remainder of the plasmid is as
described in ref. 14. (B) Diagram of the insert in clone 3-8a. bp, Base
pairs.

or cord blood cells. The resulting colonies (see Fig. 5 Upper)
were micropipetted, applied to glass slides, and stained with
Wright-Giemsa for morphologic analysis. The results, sum-
marized in Table 3, show that all the clones express in COS-7
cells a product that stimulates the formation of granulocyte
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F1G.3. Nucleotide sequence and predicted amino acid sequence for human GM-CSF. The nucleotide sequence begins with position 1 at the
first nucleotide following the oligo(dG) segment. The amino acid sequence begins with the first in-phase ATG codon for the single long open
reading frame. The underlined amino acids indicate the locations of potential N-glycosylation sequences (Asn-Xaa-Thr or Asn-Xaa-Ser).
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MET Trp Leu Gln Ser Leu Leu Leu Leu Gly Thr

Asn Phe Ile

Ser Pro Ser Thr Gln Pro Trp Glu His Val Asn

Ile Thr Val Arg Lys Glu

Arg Asp Thr Ala Ala Glu Met Asn Glu Thr Val

Pro Val Leu Asn Glu Val Val

70 80
Thr Cys Leu Gln Thr Arg Leu Glu Leu Tyr Lys
val Lys Ile Phe Glu

100
Pro Leu Thr Met Met Ala ser His Thr Lys Gln
Ala Asn Thr Tyr Gln Thr

120
Gln Ile Ile Thr Phe Glu Ser Phe Lys Glu Asn
Vval Thr Tyr Ala Asp Ile Asp Ser

140
Trp Glu Pro Val Gln Glu
Lys Lys Ser Lys
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20
Ala Cys Ser Ile Ser Ala Pro Ala Arg Ser Pro
val Tyr Leu Thr

40
Ile Gln Glu Ala Arg Arg Leu Leu Asn Leu Ser
Lys Leu Asn Asp Asp Met

* 60 * * * * * *
Val Ile Ser Glu Met Phe Asp Leu Gln Glu Pro
Phe
Lys|Lys

90

Gly Leu Arg Gly Ser Leu Thr Lys Leu Lys Gly
Asn Phe

110
Cys Pro Pro Thr Pro Glu Thr Ser Cys Ala Thr
Asp Glu

Lys Asp Phe Leu Leu Val Ile Pro Phe Asp Cys

Thr Thr Asp Glu

Fi6. 4. Comparison of the deduced amino acid sequence for human GM-CSF with that predicted for mouse GM-CSF. Upper line is the
complete human sequence. The underlined amino acid residues are identical between mouse and human GM-CSF, while the residues in the
mouse sequence that are different are shown below the human sequence. Adjustments were made to maximize the homology between the two
sequences; there are two positions (57-58 and 65) of the human sequence that have no amino acids corresponding to amino acids present in mouse
GM-CSF, shown below, and indicated with a vertical line. There are also several amino acids, indicated by asterisks, present only in the human

sequence.

and macrophage colonies. While the predominant colony
types appear to be neutrophilic granulocytes and macro-

|

F1G. 5. (Upper) Macroscopic appearance of bone marrow colo-
nies stimulated by human GM-CSF. (x40.) (Lower) Cells from
colonies were stained with Wright-Giemsa, showing neutrophils and
macrophages. (x40.)

phages or mixtures of these two cell types (Fig. 5 Lower), in
some experiments a small fraction (3-14%) of the colonies
contain eosinophils. Comparable results were obtained when
the supernatants were assayed with human bone marrow or
cord blood cells. However, when COS-7 supernatants for
representative clones were assayed on mouse bone marrow
cultures, no activity was detected (Table 2).

DISCUSSION

Several human CSFs from different sources have been
described with activity for granulocytes and macrophages
(21, 22). The GM-CSF activities in human placental condi-
tioned medium have been further resolved into two fractions.
One, designated CSF-a, stimulates macrophage and
neutrophilic and eosinophilic granulocyte colonies. The oth-
er, termed CSF-B, stimulates exclusively neutrophil and
macrophage colonies (21). These prior studies could not
distinguish whether CSF-a or CSF-B were single biochemical
entities or whether each was composed of more than one
factor; in particular, it was unclear whether CSF-a could be
composed of a neutrophil/macrophage CSF copurifying with
an eosinophil CSF (21). A similar factor, partially purified
from a T-lymphoblast cell line (Mo), has also been described

Table 3. Cellular composition of colonies stimulated by
supernatants of transfected cells

Cell composition, %

Exp. Neu M¢ Eos Neu/M¢ M¢/Eos Neu/M¢/Eos
1 14 24 3 53 1 5
2 11 31 0 55 0 3
3 18 29 4 39 1 9

Cellular compositions of cord blood colonies (Exps. 1 and 2) or
bone marrow colonies (Exp. 3) stimulated by cell supernatants from
COS-7 cells transfected with human GM-CSF cDNA clone are
tabulated. A minimum of 70 colonies was analyzed from each
experiment. Cells in colonies composed of more than 150 cells were
identified after staining with Wright-Giemsa. Results are presented
as the percentage of each pure or mixed colony type. Neu, neutro-
phil; M@, macrophage; Eos, eosinophil.
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as having activity on eosinophil colonies in addition to
neutrophil and macrophage colonies (23).

In this report we describe the isolation of cDNA clones that
encode a human colony-stimulating factor expressed in Con
A-activated human T cells. Functional clones were identified
by transfecting COS-7 cells with randomly picked cDNA
clones and measuring the CSF activity secreted into the cell
supernatant. Independently, other functional cDNA clones
were identified on the basis of cross-hybridization with a
probe prepared from a murine GM-CSF cDNA. We deter-
mined that all the active clones identified by either procedure
are essentially identical, and the homology between the
human and mouse cDNA clones first detected by hybridiza-
tion was confirmed by nucleotide sequence analysis. These
results indicate that transfection of random or selected cDNA
clones into mammalian cells coupled with an in vitro bone
marrow or cord blood assay may lead to the identification of
additional clones encoding human hematopoietic growth
factors.

The nucleotide sequence of the human GM-CSF cDNA
clone exhibits a strong homology in both the coding and
non-coding regions with that of mouse GM-CSF. Comparison
of the nucleotide sequences reveals approximately 70%
homology, while the deduced amino acid sequences share
approximately 50% homology (Fig. 4; ref. 7; unpublished
results). The single long open reading frame in the human
c¢DNA clone consists of 144 amino acid residues. The native
protein from human T cells or other sources has not as yet
been purified to homogeneity and no amino acid sequence
information is available. Because this CSF is a secreted
protein, a hydrophobic leader sequence would be expected to
precede the sequence for the mature secreted form of the
protein. There is significant amino acid sequence homology
between the murine and human GM-CSF sequences at the
amino terminus (Fig. 4). Analysis of the hydrophobicity of
the polypeptide and comparison with a proposed consensus
sequence for the processing of signal peptides (24) suggest
that cleavage of the precursor polypeptide would occur
following the alanine residue at position 20 (Fig. 4). We would
therefore predict that the mature polypeptide would be 124
amino acid residues long and begin with an arginine residue.
The amino acid homology with the murine sequence appears
to be distributed throughout the molecule, in addition to the
hydrophobic leader sequence.

The deduced molecular weight of secreted GM-CSF is
approximately 14,000. This predicted molecular weight does
not take into account potential post-translational glycosyla-
tion of the polypeptide, which is predicted by the presence of
two potential N-glycosylation sequences (see Fig. 3). Despite
the high degree of homology between human GM-CSF and
murine GM-CSF, the expressed human gene product has no
activity on murine bone marrow cells. This result is also
consistent with the properties of the GM-CSF characterized
from a T lymphoblast cell line (23).

The CSF encoded by the cDNA clones described here
stimulates the development of neutrophil and macrophage
colonies when incubated with human bone marrow or cord
blood cells. The activity of the gene product expressed in
COS-7 cells also suggests that this human CSF has a minor
stimulatory effect on eosinophil precursors. All of these
properties would correspond well with one class of GM-CSF
described previously, particularly with respect to the activity
on eosinophil progenitor cells (21-23). However, additional
studies using the cloned and expressed gene product will be
necessary to establish whether all these activities are due to
direct effects on individual progenitor populations. Further,
there may exist one or more classes of human GM-CSFs with
activity specific only for neutrophils and macrophages, as has
been described for CSF-B (21). The cloning and expression of
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this and other human CSFs will help to clarify the precise
number of soluble factors involved in human hematopoiesis
and provide a means for obtaining purified material for
further biological and biochemical characterization.

Note Added in Proof. Gasson et al. (25) recently published a partial
NH;-terminal sequence of GM-CSF purified from Mo T cells;
comparison with Fig. 3 suggests that cleavage of the precursor
polypeptide occurs after the serine residue at position 17.
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